The intention to import Asiatic lions (Panthera leo persica) from Sakkarbaug Zoo to the captive population managed under the European Endangered Species Program (EEP) emphasized how little is known about the health status of the EEP population. This study was designed to characterize mortality for this population through examination of the studbook and other records on 392 Asiatic lions living in the EEP between 2000 and 2014. 270 animals died during the period with 80% of them being under one year old. The mortality rate for under one year-olds was 54%, whilst the odds of survival of cubs within a litter increased if the dam had had litters previously.
this, inbreeding depression is also probably a problem within the EEP, and the population would 35 benefit from the introduction of new genetic material. 36
The Zoological Society of London (ZSL) and Gujarat Forest Department (GFD) are collaborating 37
to attempt an import of Asiatic lions from Sakkarbaug Zoo breeding facility to the EEP. As a 38 result of this collaboration, it became apparent that little is known about the health status of the 39 European population. This study aimed to improve our understanding by studying mortality 40 occurring in the European population between 2000 and 2014. Conducting a mortality review can 41 help to show trends in mortality for a captive population (Hope and Deem 2006) and may even 42 point towards management strategies that could assist in preventing some diseases (Martínez et 43
al. 2013). 44
The first objective of this study was to describe mortality occurring in the EEP, including 45 information on mortality rates and ages at death. As part of the general data obtained on mortality, 46 litter survival was investigated more closely. Generally, even if a dam starts her breeding record 47 Clancy et al. 2013 ), the reason for euthanasia was listed as the cause of death. Additional findings 85 at post mortem were also noted. For collections that did not respond, the cause of death was 86 obtained from ZIMS where possible. If "stillborn" was listed as the cause of death on ZIMS it 87 was not included in the analyses, as some collections do not use this term to exclusively describe 88 animals that are dead at birth. 89
Additionally, the causes of death were grouped into the following categories: "stillbirth" (dead at 90 birth), "trauma" (death due to wounds inflicted by the dam or another conspecific), "degenerative" 91 (degenerative, 'wear and tear' diseases), "congenital" (defects present at birth), "infectious" 92 (infectious diseases), "lack of care" (cub abandoned or not cared for properly), "neoplasia" and 93
"other" (all conditions that caused death in less than five cases). Unknown causes were grouped 94 depending on the reason for this: "no report" (not received or of insufficient quality), "carcass 95 eaten" (by dam or another conspecific) or "cause unclear" (due to carcass condition or lack of 96 findings during post mortem examination). 97
The prevalence of the different causes was calculated for the population as a whole and for each 98 gender and age group, and the leading causes of death were identified. Fisher's exact test was 99 used to determine if the prevalence of causes of death was significantly different between male 100 and female (R version 3.2.1 (R Core Team 2015)).
Figure 1 110
The average age at death was 2.39 ± 0.32 years (28.79 ± 3.91 months). 80% (215/270) of the 111 animals that died during the study period did not reach one year of age (figure 1), and excluding 112 these from the calculation increases the average age at death to 11.61 ± 0.77 years (139.41 ± 9.35 113 months). The oldest animal was a female that died when she was 19 years two months and 27 114 days old. So far no animal currently alive has reached this age. The Cox proportional hazard 115 model showed that gender had no effect on survival (p=0.19) with the hazard ratio being 1.22 116 (95% CI: 0.91, 1.63). 117
Figure 2 118
The average yearly mortality rate during the study period was 17.5%. Over the years it fluctuated 119 between 11.5% and 23.3% as shown in figure 2. Most of the deaths fell into the category 120 "neonate", with only about 10% of deaths in each of the other three categories (figure 3). Looking 121 at the animals that could have reached reproductive age during the study period (born no later 122 than 31.12.2011, n=313) showed that only 44% achieved this, and the mortality rate for animals 123 under one year of age (including animals born before 31.12.2013, n=358) was 54%. 124 The quality of these reports varied, ranging from a simple statement of the cause of death to a 141 complete post mortem examination report. Furthermore, the extent of the conducted examinations 142 differed. While animals dying at an older age received a full and detailed post mortem 143 examination, cubs that died shortly after birth often received only a quick examination or none at 144 all. Excluding the 24 cases where the carcass was eaten, a full post mortem examination would 145 have been possible in 134 cases out of the 158 cases where a report was received. Information on 146 comorbid findings was only received for 31% of these (42/134) and 32% (43/134) of the reports 147 received only contained a simple statement of the cause of death. 148
Figure 4 149

Table 1 150
The causes of death per age category and in total are shown in figure 4 and table 1. The leading 151 cause of death within this study population was "trauma" (26%), closely followed by "lack of 152 care" (22%). The remaining cause categories are each responsible for 7-10% of the deaths (figure 153 4, table 2). The high incidence of "trauma" and "lack of care" in the whole study population is 154 reflected in the "neonate" category, where 36% and 35% of deaths were caused by "lack of care" 155 and "trauma" respectively. For juveniles the three most common causes of death are "trauma" 156 (26%), "congenital" (30%) and "other" (30%). Apart from "other causes" the leading cause of 157 death for adults is "degenerative" (figure 4, table 2). Only two causes of death were present in the 
Table 2 162
The causes of death for each gender are shown in figure 5 and table 2. "Trauma" (27%) is the 163 leading cause of death for males, and for females "lack of care" (20%), closely followed by 164 "trauma" (19%), is the leading cause of death. For the individuals of unknown sex "stillbirth" 165 (23%) and "lack of care" (27%) are common causes of death while "trauma" (41%) is the leading 166 cause of death. Excluding the individuals with undetermined gender from the analyses showed 167 that there was no significant difference in the causes of death between genders (p=0.5). 168
Trauma: 34 cubs were killed through trauma. In 23 cases the individual responsible for the trauma 169 was known. In 70% (16/23) of these cases trauma was inflicted by the dam, and sires were 170 responsible for 9% (2/23). In one case trauma occurred as late as 137 days after birth, where a 171 female cub was killed by her sire.
during the study period. In most cases (musculo-) skeletal abnormalities were the reason for 174 euthanasia. One cub was euthanized due to multiple distal limb developmental abnormalities, and 175 three other cubs were euthanized because of severe scoliosis or other malformations of the 176 vertebral column. In two cases the congenital defects were neurological, and in one case the cause 177 of death was renal dysplasia. Two cubs of the same litter died of syringomyelia, and a cub in 178
another collection was born with a cleft palate. The most severe congenital defects were observed 179 in a cub that was born with an incomplete closure of the abdominal wall and skin, a missing tail, 180 sacrum and anus, and severe scoliosis.kidney failure, and in another a leg abscess caused by Streptococcus canis led to euthanasia. For 185 one case included in "infectious" there were no further details available. 186
Neoplasia: Different types of neoplasm were the cause of death during the study period, but the 187 majority were carcinomas (four cases) and haemangiosarcomas (three cases). Of the nine cases 188 overall, seven occurred in the oldest age group "geriatric", and one occurred in the age group 189 "adult" (a 14 year old female). The youngest animal affected by neoplasia was a two year old 190 male that died of a haemangiosarcoma. 191
Degenerative: Renal failure was the cause of death in six of the 13 cases included in the 192 "degenerative" category. It was responsible for 10% and 13% of the deaths of adult and geriatric 193 animals respectively (three cases each). The youngest individual affected by this was a ten year 194 old female that was euthanized. In two cases death was the result of an age-related heart condition,cubs from the same litter presented with patent ductus arteriosus (PDA), but clinical significance 210 was not established and in an additional case in another collection PDA was suspected. 211
Discussion 212
Mortality: 213
Most noticeable in this study was the very young average age at death of 2.4 years, with the 214 mortality rate of animals under one year of age being 54%, and only 44% of animals reaching 215 reproductive age. A study on the free-living population in Gujarat showed that 51% of young cubs 216 survived to adult stage (Banerjee and Jhala 2012). However, it is difficult to compare these 217 numbers. Observing cubs under one month of age proved difficult in the wild, and infanticide due 218 to territorial takeovers by an adult male was a substantial cause of cub mortality (Banerjee and 219 Jhala 2012). Cubs under one month of age account for most of the mortalities in this study and 220
infanticide by an adult male was only reported in two cases. 221 
Causes of death: 242
The fact that "lack of care" and "trauma" are the only causes that are each responsible for over 243 20% of deaths matches the high neonatal mortality rate observed in the study population. 36% of 244 neonatal mortality is due to trauma, which is mostly inflicted by the dam. In the wild, infanticide 245
is the cause of up to 60% of cub mortality (Breitenmoser et al.). A study by Banerjee and Jhala 246
(2012) found that territorial takeovers by males that resulted in infanticide were the main cause 247 for cub mortality. The rate of infanticide in the EEP may be higher than 36%, as some of the 248 carcasses that were eaten may have been killed first, but this study points towards a lower 249 infanticide rate in the EEP compared to the wild. This is probably due to the fact that unrelated 250 males are mainly responsible for infanticide in the wild, whereas the dam is responsible in 251 captivity. It is, however, difficult to establish if there is a difference between the EEP and the free-252 living population where trauma inflicted by the dam is concerned. 253 Unsurprisingly, degenerative diseases and neoplasia were mainly a concern for old animals. The 254 unusual case of a two year old male dying from a haemangiosarcoma will not be discussed here 255 as it is published as a case report (Vercammen et al. 2015) . Renal failure caused 5% of the deaths 256 with a known cause in the whole study population and 13% of the deaths in the geriatric age class. 257 This is not unusual, as various kidney diseases are known to affect old felids, both domestic and 258 wild (Newkirk et al. 2011) and a retrospective study on wild felids in German collections found 259 renal lesions in 87% of the animals included in the study (Junginger et al. 2015) . 260
Both causes of death summarized under "infectious" and "other" are a possible cause of concern, 261 but with these occurring only in a few cases they do not represent a significant problem. Cases 262 such as Vitamin A deficiency and accidents resulting in deaths are issues that need to be addressed 263 by the affected collection but do not affect the breeding population as a whole. 264 9% of the known causes of death were due to congenital defects. However, even congenital 265 defects that do not result in death can be of concern for the health and welfare of an animal. Some 266 of these defects may be hereditary in Asiatic lions. Scoliosis was present in at least six individuals 267 from the study population and is known to be hereditary in humans (Shangguan et al. 2008 
Limitations: 275
The limitations of this study mainly concern the analyses of the causes of death. For only 49% of 276 the lions that died during the study period the cause of death was established. Although an 277 unknown cause of death was mainly due to lack of reporting by the collections, it would not have 278 The extent of post mortem examinations conducted differed greatly, which is reflected by the fact 285 that a lot of deceased cubs are of undetermined sex. Conditions present might have gone unnoticed 286 due to an inadequate post mortem exam. For example a thorough cardiac exam is necessary in 287 order to recognize PDA, but is only carried out in a few cases. In general, the prevalence of 288 congenital defects such as PDA and scoliosis might be underestimated. As mentioned above, 289 many cubs do not receive a full post mortem examination, so if a congenital defect was not the 290 cause of death or the reason for euthanasia it likely went unnoticed. 291
Nonetheless, a higher compliance rate would have allowed for a more detailed analysis in some 292 areas of this study. Although data analysis showed that the odds for cub survival to one year of 293 age increased with the number of litters a dam had, it was not possible to look into the reasons for 294 this. If the cause of death had been established for more cubs, it might have been possible to 295 examine whether the increasing odds for survival correlate with a decrease in incidences of "lack 296 of care" and "trauma". Comparison between cub mortality in the wild and in the EEP was also 297 limited, as the cause of death was unknown for many cubs. Although it will never be possible to 298 establish the cause of death for each individual, a higher compliance rate could have enabled a 299 more significant comparison. 300
Implications for the future: 301
For many large mammals living in captive collections the management of geriatric problems is 302 becoming increasingly important. This is an issue mainly concerning the individual and not the 303 population as a whole, and research on geriatric problems in Asiatic lions has been scarce so far. 304
As in domestic cats, renal disease is a concern in older animals. Dietary adjustments play an 305 important part in managing chronic renal failure (CRF) in domestic cats. There is evidence that 306 Another important aspect raised by this study is the prevalence of congenital defects. Especially 328 those congenital defects that might be hereditary require investigation. Before being able to 329 establish heritability, the actual prevalence of birth defects, not only of those leading to death, 330 needs to be established. A first step in learning more about congenital defects would be to 331 implement a common necropsy protocol in the EEP. As mentioned, cubs often only receive a 332 superficial necropsy leading to conditions possibly going unnoticed. A common protocol could 333 include examinations needed to establish if a congenital defect known to affect the EEP is present. 334
For example, a thorough cardiac exam at each necropsy could show if PDA is a problem with a 335 significant impact or not. If it is discovered that congenital defects such as scoliosis or PDA are 336 hereditary, decisions may be taken to not breed from parents that have produced offspring with 337 these conditions in the past. The lack of a common necropsy protocol has already limited othermortality studies (e.g. Maia and Gouveia 2002; Yss et al. 2012) , and the implementation of such 339 a protocol may reveal additional diseases within the population not discovered during this study. 340
Both congenital defects and high infant mortality are possibly due to inbreeding depression. 341
Establishing this will however be a slow process, but the risk alone should justify the addition of 342 new genetic material to the EEP. If inbreeding depression is an issue in the EEP, this might be a 343 precautionary measure to avoid an increase in cub mortality rates and prevalence of congenital 344 defects. Artificial insemination (AI) using sperm from free-living Asiatic lions or from those at 345
Sakkarbaug Zoo would be a theoretical option, but as AI on lions has so far not resulted in live 346 offspring (Goeritz et al. 2012 ), this is not yet a viable option. The best option available at the 347 moment would be for ZSL and GFD to continue with their attempt to import Asiatic lions from 348 Sakkarbaug Zoo to the EEP. 349
Overall this study pointed to some areas that require further investigation, but some issues 362 identified might be solved if new genetic material were to be added to the European population 363 of Asiatic lions. 364 
